Genome-scale metabolic reconstructions help us to understand and engineer metabolism. Next-generation sequencing technologies are delivering genomes and transcriptomes for an ever-widening range of plants. While such omic data can, in principle, be used to compare metabolic reconstructions in different species, organs and environmental conditions, these comparisons require a standardized framework for the reconstruction of metabolic networks from transcript data. We previously introduced PlantSEED as a framework covering primary metabolism for 10 species. We have now expanded PlantSEED to include 39 species and provide tools that enable automated annotation and metabolic reconstruction from transcriptome data. The algorithm for automated annotation in PlantSEED propagates annotations using a set of signature k-mers (short amino acid sequences characteristic of particular proteins) that identify metabolic enzymes with an accuracy of about 97%. PlantSEED reconstructions are built from a curated template that includes consistent compartmentalization for more than 100 primary metabolic subsystems. Together, the annotation and reconstruction algorithms produce reconstructions without gaps and with more accurate compartmentalization than existing resources. These tools are available via the PlantSEED web interface at http://modelseed. org, which enables users to upload, annotate and reconstruct from private transcript data and simulate metabolic activity under various conditions using flux balance analysis. We demonstrate the ability to compare these metabolic reconstructions with a case study involving growth on several nitrogen sources in roots of four species.
INTRODUCTION
Plants provide us with diverse resources ranging from food, fibers and fuels to specialized products like medicines, high-value chemicals and polymers (McDougall et al., 1993; Henry, 2010; Hussain et al., 2012) . The production of these resources is directly related to plant metabolism and is strongly influenced by environmental conditions (Bita and Gerats, 2013; Xu, 2016) . Acquiring the deep understanding of plant physiological processes needed to increase the production of resources under increasingly variable environmental conditions (Kang et al., 2009 ) will benefit from a holistic approach that integrates the wide range of metabolic and physiological data provided by the omics technologies (Howorka et al., 2001; Levene et al., 2003; Wendel et al., 2016) . Computational science is now enabling plant biologists to integrate cell and tissue compartment data with genomic, transcriptomic and metabolomics data, and with biochemical and regulatory network data to create comprehensive reconstructions of plant metabolism in silico (Herring et al., 2006; Joyce and Palsson, 2006; Oberhardt et al., 2009; Poolman et al., 2009; Dal'Molin et al., 2010; de Oliveira Dal'Molin et al., 2010; Cheung et al., 2014; Yuan et al., 2016) . Metabolic reconstructions are used to simulate and constrain growth, manipulate enzymes, pathways and cofactors, and generate in silico hypotheses, leading to the discovery of missing enzymes and alternative pathways (Seaver et al., 2014) . Most importantly, by sampling various tissues under different environmental conditions, omics data can also be incorporated into the simulation of growth and resource production in metabolic reconstructions; this type of approach has proved to be very valuable in the analysis of metabolism under stress (Williams et al., 2010; Nagele and Weckwerth, 2012) . Finally, the reconstruction and simulation of plant metabolism is central in the emerging field of plant synthetic biology (Cook et al., 2014; Fernandez-Castane et al., 2014; Hill et al., 2015; Liu and Stewart, 2015; Shih et al., 2016) .
The holistic approach mentioned above requires the comprehensive and comparative analysis of metabolic reconstructions with respect to organelles, tissues, species, development and environmental conditions (Boyes et al., 2001; Fourcaud et al., 2008; Collakova et al., 2012; Wang et al., 2012; Sweetlove and Fernie, 2013; Sampaio et al., 2016) . However, current reconstructions differ significantly, depending on the manual and algorithmic approaches adopted by various groups, as well as on the sources of data. Differences like these make it difficult to systematically compare metabolic reconstructions. To evaluate, compare and analyze complex metabolic phenotypes in different species and under different conditions it is necessary to generate reconstructions from a single unifying framework.
PlantSEED was built partly in response to these issues. At the outset, a standard set of reconstruction techniques was applied to 10 reference plant genomes, using a common template that is the focus of all curation, collection and organization of the available knowledge of plant metabolism. The consistency of this approach greatly simplifies the comparison of resulting reconstructions and improves the scalability of the ongoing maintenance of these reconstructions. This is because curation and data mining efforts can then be focused on building up and improving the common template rather than independently curating a growing set of available reference genomes and transcriptomes (Seaver et al., 2014) .
Concomitant with our development of PlantSEED, there has been continual growth in the number of reference genomes and transcriptomes generated from a variety of plant tissues and environmental conditions. These genomes and transcriptomes are currently available in databases such as PlantGDB (Duvick et al., 2008) , EGENES (Masoudi-Nejad et al., 2007) , PLEXdb (Dash et al., 2012) and Ensembl (Kersey et al., 2018) . These developments encouraged us to improve the existing PlantSEED capabilities and make this platform publicly available for the consistent assembly, simulation and comparison of metabolic reconstructions of primary metabolism for diverse plant species grown under different conditions.
In this work we describe the development of an upgraded web interface and tools for PlantSEED resource: http://modelseed.org. This interface permits users to upload sequence data in the form of transcripts (cDNA) or proteins to generate a consistent annotation and a metabolic reconstruction using the PlantSEED pipeline. Additionally, we have integrated numerous improvements into our pipeline: (i) the extension of our reference genome set to now include the genomes and reconstructions of 39 species; (ii) the computation and curation of protein clusters; (iii) enhanced data on subcellular localization of plant metabolic functions; (iv) an enhanced approach for reconstructing metabolism that improves reliability and consistency; (v) a k-mer based mechanism for rapidly annotating transcript and protein sequences from additional nonmodel plant species; and finally (vi) the website enables users to simulate all public and private metabolic reconstructions using flux balance analysis (Orth et al., 2010) , predicting changes in metabolic flux profiles in response to variations in nutrient availability.
We demonstrate the utility of the gene-reaction associations in PlantSEED metabolic reconstructions with a case study of transcriptome data from the JGI Gene Atlas that includes expression data consistently collected across three nitrogen sources and four species. We analyze the subsystems and reactions which exhibit consistent gene expression patterns regardless of the species or nitrogen source, and explore cases where gene expression in primary metabolism varies by species.
RESULTS

Improvements to the PlantSEED annotation and reconstruction process
PlantSEED is a framework for consistent high-quality annotation of primary metabolism in plant genomes, thus enabling reconstruction of functional predictive genomescale metabolic reconstructions (Seaver et al., 2014) . Briefly, the PlantSEED framework is based on a group of consistently annotated reference genomes whose genes have been allocated to a highly homologous set of protein clusters centered around the curated enzymes of Arabidopsis thaliana. A protein cluster is a subset of a protein family in which only members of the family with very high homology are retained. These protein clusters are assigned enzymatic functions manually curated and assigned to Arabidopsis proteins (Seaver et al., 2014) . The functions are organized into a set of about 100 subsystems, each comprising sets of tightly coupled metabolic functions such as the steps of a metabolic pathway or large protein complexes. Each subsystem is named according to its overall function (e.g. 'Alanine, serine, glycine metabolism') and can be browsed on the website or viewed in Data S1 in the online Supporting Information. We also specify the subcellular locations where the function is expected to occur based on the location(s) experimentally observed or predicted for the Arabidopsis protein(s) to which the function is assigned (e.g. if a protein is only expressed in the plastid, then its associated function must only occur in the plastid). It is important to note that many Arabidopsis proteins lack evidence for subcellular localization. Such proteins are assigned to all subcellular locations where the functions associated with these proteins are asserted to occur based on our subsystem curation. The curated functions for each Arabidopsis protein are automatically propagated to all orthologs within the same protein cluster. Finally, we implement a metabolic reconstruction for each plant species based on the functional assignments. Numerous aspects of the PlantSEED genome annotation and metabolic reconstruction pipeline have been upgraded in this release of the PlantSEED resource, including: (i) phylogenetic expansion of the protein clusters on which the PlantSEED reference annotations are based; (ii) integration and curation of data used to assign genes to a subcellular location (e.g. plastid, cytoplasm); (iii) improvements to the subsystems used for functional annotation and initial metabolic reconstruction; and (iv) development of a methodology that consistently reconstructs plant primary metabolism based on PlantSEED annotations.
In PlantSEED, protein clusters are the primary means for propagating annotations consistently from our primary Arabidopsis reference genome to all our other reference genomes. In this release we enhanced these protein clusters. First, we updated all our reference genomes by switching to Phytozome as our source (Goodstein et al., 2012) . We increased the number of species from 10 to 39, and obtained the most up-to-date version of predicted genes. Next, we utilized protein families that included all the genes from these genomes. Phytozome provides its own protein families for these genomes, but the size distribution of these families has a lower median than the previous PlantSEED families derived from Ensembl. This means that Phytozome's approach to constructing families is generally more conservative. However, in our case, we apply our own follow-up approach to refine protein families into protein clusters and it is better that we start with an initial set of broader families. For these reasons, we used the protein families computed via OrthoFinder (Emms and Kelly, 2015) , which have a similar size distribution to Ensembl families. Finally, we conservatively split these protein families into clusters centered around each individual Arabidopsis protein. This expansion of our reference genome set greatly increases the number of genes assigned to all our protein clusters, while the average number of genes per cluster per species is very similar (Table 1, Figure 1) . A primary motivating factor for this expansion is that increased diversity in the species, and within our protein clusters, is needed to ensure that our automated genome annotation pipeline is sufficiently refined to support propagation of annotations to useruploaded genomes. More details are available on our construction and curation of the PlantSEED protein clusters in Appendix S1, while the cluster data itself are available in Data S2.
Another area of improvement in this release of the Plant-SEED is the assignment of genes to subcellular location (Figure 2a) . Previously, we used limited data selected primarily from AraCyc to determine the subcellular localization of proteins in our primary reference genome, Arabidopsis. In this release, we switch to using an array of evidence sources, building upon our recently published work (Seaver et al., 2015) . Our evidence sources for subcellular localization include PPDB (Sun et al., 2009) , SUBA3 (Tanz et al., 2013) and AraCyc (Zhang et al., 2005; Schlapfer et al., 2017) . When little evidence was found for a protein we used computational prediction methods: TargetP (Emanuelsson et al., 2007) , Predotar (Small et al., 2004) and WoLF PSORT (Horton et al., 2007) . We explain this process in further detail in Appendix S1.
We also enhanced our subsystems in this release of the PlantSEED. First, we examined the metabolic pathways comprising each of our subsystems to ensure that as many pathways as possible were capable of functioning. This often required the addition of custom transport reactions to allow compartmentalized pathways to be active. We paid particular attention to subsystems where the pathways were distributed among multiple subcellular locations (e.g. glycolysis), ensuring that the pathways could function properly, and in the proper direction, in each location (see Appendix S1). We grouped these additional transport reactions into several 'Transport' subsystems ( Figure 2 ; available in Data S1). As a result of this work, we increased the number of reactions assigned to each Our final improvement to PlantSEED relates to the metabolic reconstruction process itself. Previously, when a PlantSEED metabolic reconstruction was built we developed a reaction list comprising every reaction associated with a function assigned to a gene in our target genome. If the function associated with a reaction was not assigned to any genes in the genome, this reaction was not added to the initial metabolic reconstruction and we applied a gapfilling process where we added a minimal set of additional reactions such that the metabolic reconstruction could produce biomass heterotrophically (Seaver et al., Derived from a conservative approach of finding highly homologous proteins centered around each curated Arabidopsis protein (see main text and Appendix S1), we show that the average number of proteins per species in each cluster remains the same (Table 1) We manually curated the localization of more than 700 Arabidopsis proteins ('Genes') allowing us to move many reactions from the cytosolic compartment to other compartments in the resulting metabolic reconstruction, compared with PlantSEED v1 ('Reactions'). In addition, we revised the activity of the compartmentalized pathways in the new reconstructions using flux balance analysis, adding key transporters for reagents and cofactors to increase the intra-compartmentalized flux activity ('Reactions' and 'Transporters'). [Colour figure can be viewed at wileyonlinelibrary.com].
© 2014). This was problematic for two reasons: (i) the gapfilling algorithm sometimes selected physiologically unreasonable solutions to fill gaps in pathways; and (ii) gapfilling was inconsistent, sometimes adding different reactions to different metabolic reconstructions to correct similar gaps in pathways. In this release of the PlantSEED we took an alternative approach to metabolic reconstruction that avoids these pitfalls. Specifically, we added all subsystem reactions to the initial metabolic reconstructions that are required for the biosynthesis of every component in the biomass regardless of the functional annotations in the target genome and we no longer need to perform a gapfilling step to get our metabolic reconstructions to function. This approach has the advantage of producing highly consistent metabolic reconstructions in terms of reaction content.
Impact of improvements on simulation of plant metabolism
Here we justify the consistent approach to reconstructing plant primary metabolism, a key aspect of the improved PlantSEED, and describe how PlantSEED models can be utilized. Our curation has covered the biosynthesis of 73 small-molecule components of biomass and, while some of these biomass components are not generally considered to be part of primary metabolism, these components are included because they are considered to be essential to the growth and function of all flowering plants. These include cofactors such as tetrahydrofolate, NADH and plastoquinones, donors of methyl groups, protons and electrons, respectively. As such, we make the key observation that the set of biosynthetic pathways for all the essential components of biomass are highly conserved in plants. This observation is supported by our results from using protein clusters to propagate the curated metabolic functions from Arabidopsis to other flowering plants (Figure 3) , and is further supported by studies of how gene duplication is required to fuel the diversity of specialized metabolism (Pichersky and Gang, 2000; Moghe and Last, 2015) . It is very rare for a single-copy gene encoding a primary metabolic enzyme to experience selective pressure to evolve. We emphasize that while the key to our approach is to ensure consistency in reaction content, the set of genes associated with each reaction will vary from species to species, and for any primary metabolic enzymes that are not included we argue that it is far more likely for the enzyme to be missing because of the quality of sequencing approach and genome and transcriptome assembly than to have been removed by the process of natural selection. Researchers are encouraged to investigate any missing annotated enzymes in our reconstructions by using the BLAST function in our web interface as described in the tutorial in Appendix S1.
One scenario where our approach has utility is the synthetic engineering of primary metabolism. In this scenario engineering is typically undertaken to increase the fluxes through key pathways, and can only be done through the manipulation of regulation (Aharoni and Galili, 2011) and gene copy-number (Petrie et al., 2014) . It is crucial for whichever species is being engineered that the structure of the primary metabolic network is highly conserved and constant in order to enable the reliable comparison and interpretation of resulting predicted and observed metabolic phenotypes. Another scenario where our approach has utility is the integration of experimental data from different species. In this scenario, experimental omics data sampled from different species, albeit from the same tissues and the same conditions, can be overlaid onto the same metabolic network for the two species and compared directly. It follows that if the experimental data are used to constrain simulations of network behavior such as flux balance analysis, and generate differing metabolic phenotypes, the identical network structure allows researchers to focus on key differences in the experimental data, and identify which metabolites and transcripts differ in their abundance between the species, rather than the reactions themselves. We highlight this utility in the case study section described below.
Although the PlantSEED project has focused on plant primary metabolism and the biosynthesis of essential biomass components, we emphasize that one aspect of specialized metabolism that is covered by these reconstructions is the biosynthesis of the necessary precursors. The reconstructions are capable of biosynthesizing the precursors of terpenoids (isopentenyl diphosphate and dimethylallyl diphosphate) and phenylpropanoids (phenylalanine), for example. Researchers can integrate data and study the means by which the primary metabolic network could increase the production of these precursors in order to facilitate the engineering of specialized metabolism. We explore the possibility of expanding PlantSEED to include specialized metabolism in the Discussion section below.
Phosphoglycerate mutase as an example for PlantSEED improvements
One reaction in glycolysis, the conversion of 3-phosphoglycerate to 2-phosphoglycerate, is catalyzed by two distinct phosphoglycerate mutases that are located in two compartments and have several isoforms in Arabidopsis. These two phosphoglycerate mutases operate either with (EC 5.4.2.11) or without (EC 5.4.2.12) the cofactor 2,3-bisphosphoglycerate. In the original version of PlantSEED we curated two separate sets of Arabidopsis isozymes, predicting that both sets were able to catalyze both versions of this reaction. In this version of PlantSEED, due to our curation of subcellular localization, we find that the cofactor-independent isoforms all localize to the cytosol while the cofactor-dependent isoforms all localize to the plastid. These isoforms in Arabidopsis are assigned to two different protein clusters in PlantSEED, ensuring that the functional annotation associated with each isoform is propagated to a different set of orthologs in our other 38 reference species (see Data S2). It then follows that the same sets of orthologs are assigned to the two different subcellular locations for each isoform.
In order to analyze and validate these predictions, we utilize the transcript abundance data obtained from JGI Plant Gene Atlas (https://phytozome.jgi.doe.gov/phytomine/ aspect.do?name=Expression). We find 12 datasets sampled from the roots of four reference species (Arabidopsis, Glycine max, Populus trichocarpa and Medicago truncatula) when grown using three different nitrogen regimes (ammonia, nitrate and urea) as sole nitrogen sources. Plants in this nitrogen treatment study were watered with nutrient solution containing either 10 mM KNO 3 (nitrate treatment), 10 mM (NH 4 ) 3 PO 4 (ammonia treatment) or 10 mM urea and root tissue was harvested after 30 days. We used these datasets in combination with the metabolic reconstructions generated by PlantSEED to compute an expression percentile for each reaction under each condition (Seaver et al., 2015) .
We examine the expression percentile scores for phosphoglycerate mutase in Arabidopsis and the predicted orthologs in the other three species. We find that the cofactor-independent enzymes, assigned to the cytosol, had an average expression percentile score of 0.86 (n = 12; s = 0.06). In contrast, the cofactor-dependent enzymes, assigned to the plastid, had an average expression percentile score of 0.27 (n = 12; s = 0.08). These results indicate that in all four species the genes encoding cytosolic, co-factor-independent enzymes are expressed more highly than plastid-localized forms of the enzyme. Considering that all the expression data were collected from root tissues this result is physiologically reasonable, as glycolysis in the plastid has a diminished role in the root tissues (Plaxton, 1996; Pyke and Waters, 2004) . The consistency of this positive result, conserved across four diverse species, supports our approach of careful curation and propagation at several different levels of data integration.
Expanding the PlantSEED reference genomes
As this release of PlantSEED is based on an expanded number of species in Phytozome [v10; excluding genomes currently encumbered by the Fort Lauderdale agreement (Wellcome Trust, 2003) ], we are able to test more extensively how well our Arabidopsis annotations in primary metabolism propagate to other genomes (Figure 3 ). For each Arabidopsis protein-ortholog pair in a protein family, we use the average sequence identity (see Appendix S1) to describe the evolutionary distance between them. In Figure 3 , we explore the range of average sequence identity Figure 3 . Results of conservative propagation of functions between species in PlantSEED. We explore the impact of sequence homology within each protein family on our ability to derive protein clusters that retain the same metabolic function as the curated Arabidopsis proteins. We find that groups of species, based on phylogeny, exhibit different average levels of propagation across a range of sequence homology. We are able to propagate a higher fraction of metabolic functions amongst eudicots than monocots and, in turn, than lower plants. We find several lower plants for which this approach performed better than for monocots, and several eudicots for which this approach performs worse than for monocots. For the purpose of deriving protein clusters, we selected a threshold of 0.6 average sequence identity for eudicots, 0.55 for monocots and 0.3 for lower plants (Table 2) as a threshold that is required for the Arabidopsis annotation to be propagated. As might be expected, the results are a reflection of the phylogenetic distance between Arabidopsis and each reference species. Members of the Brassicaceae family showed adoption of a higher fraction of Arabidopsis annotations at higher levels of average sequence identity, followed in decreasing order by other eudicots, monocots then non-angiosperm species. But we find that the six monocots exhibit a highly similar pattern across the average sequence threshold, appearing to cluster very tightly, and providing a benchmark against which to compare species from the other groups. In this regard, we find some non-angiosperm genomes perform far better than all of the monocots, and we find some eudicots perform worse than all of the monocots (Table 2 ). In the latter case, we explored two possible reasons for this result: (i) the eudicots in question may be missing orthologs from the protein families, or (ii) orthologs may be detected, but at a lower degree of homology. We found that both causes contribute to this pattern (Appendix S1). We use three eudicots as test genomes for our automated annotation pipeline.
Enabling automated annotation of user uploaded transcripts and proteins
The previous version of PlantSEED did not permit users to annotate their own sequence data. This release of Plant-SEED adds the capability to annotate and construct draft metabolic reconstructions from uploaded transcript nucleotide or protein amino acid sequences. When users upload their data, PlantSEED first assigns each gene in the dataset to the most appropriate protein cluster by searching each gene for a set of signature k-mers (peptide sequences of eight amino acids). We call these signature kmers because they are mined from our reference genome protein clusters such that each k-mer only ever occurs within a single protein cluster. Appendix S1 contains additional details on how we generated our database of signature k-mers, and all of the signature k-mers are available in Data S3. Once each gene in a user-uploaded genome has been associated with a protein cluster, the function assigned to the protein cluster is propagated to the gene.
In addition to running this functional annotation process, PlantSEED can also, on request via the web interface, compute the homology of all genes in a user-uploaded dataset against representative sequences from all PlantSEED protein clusters using BLAST. This analysis provides a list of potential alternative protein clusters to which a specific gene might be assigned, and the functions assigned to these alternative clusters serve as alternative potential hypotheses for the gene's function. We provide a tutorial in Appendix S1 and Figure S1 for exploring this option.
Finally, once the genome annotation process is complete, a metabolic reconstruction is built. As with the metabolic reconstructions for the reference genomes, the metabolic reconstructions constructed by PlantSEED from uploaded datasets always include every reaction in the PlantSEED representation of primary metabolism. When a functional role associated with a reaction has been assigned to a gene in the uploaded dataset, that gene is then mapped to the corresponding reaction in the metabolic reconstruction. Thus, as with the metabolic reconstructions for the reference genomes, the metabolic reconstructions constructed from uploaded datasets will always have identical biochemistry, but the gene associations in these metabolic reconstructions will vary depending on the result of the genome annotation process.
To validate our signature k-mers, we applied them to the three test genomes that were previously annotated using our protein cluster-based propagation (see last three rows in Table 2 ). We use the signature k-mers to annotate these genomes and we are able to do so with an average degree of sensitivity of 0.68. The computation of accuracy is overwhelmed by the large number of true negatives that occur with such large genomes, and we also compute the Matthew's correlation coefficient (Matthews, 1975) which is unbiased, giving an average score of 0.67 (within a range of À1 to 1). Generally, this demonstrates the efficacy of the k-mer based annotation approaches while also revealing that the approach may even have advantages over protein clusters for more distant genomes.
Upgraded PlantSEED website
As part of this release of the PlantSEED resource, we are also releasing an upgraded website for researchers to interact with PlantSEED (Figures 4 and S1 ). This website provides ready access to all reference data encompassed within PlantSEED, including: (i) PlantSEED subsystems; (ii) PlantSEED biochemistry; and (iii) 39 public plant genomes and metabolic reconstructions. Additionally, users can upload their own genomic data for automated annotation and metabolic reconstruction. This includes either DNA sequences of genome transcripts or protein sequences of predicted genes. Once a genome has been annotated the website offers tools to support curation of gene functions. Once a metabolic reconstruction has been built users can run flux balance analysis on their metabolic reconstructions as well as use FBA to integrate and analyze uploaded gene expression data. All user-uploaded data and subsequent analyses are completely private, meaning that only the original user can view the data. This does require that users log into the PlantSEED website prior to use. Users can log in with either a RAST or PATRIC user account. Several features of the website are described in detail in Appendix S1.
Case study
Now that we have described the enhancements and capabilities in this latest PlantSEED release in detail, we demonstrate the utility of PlantSEED metabolic reconstructions and annotations by integrating and analyzing the same datasets and approach as described in the phosphoglycerate mutase example. We first compared the Plant-SEED metabolic reconstructions for all of these species, identifying the 723 reactions that had at least one gene associated with them in all four metabolic reconstructions, and then used the transcript abundance datasets to compute 12 expression percentile scores for each reaction. The meaning of a percentile, in terms of the associated expression levels, can vary significantly among different experimental conditions. However, in the case of this study, all 12 transcript abundance datasets had similar distributions, meaning we can interpret the reaction percentiles consistently across all datasets. In this case, we defined the overall activity of a metabolic reaction as diminished, neutral or strengthened based on the expression percentile score. If the expression percentile score is less than 40%, the reaction is diminished; if the expression percentile score is between 40% and 60%, the reaction is neutral; and if the expression percentile score is more than 60% the reaction is strengthened. Having computed and classified the expression percentile scores across all 12 datasets, we first examine if any subsystems consistently have a high fraction of reactions that are consistently strengthened or diminished regardless of the species or nitrogen source ( Table 3 ). The five subsystems with the highest fraction of reactions with a strengthened influence are all involved in central carbon metabolism. This is a reasonable result, as flux balance analysis with our Plant-SEED metabolic reconstructions predicts a consistently high flux through the central carbon metabolism across all 12 experimental conditions. The five subsystems with the highest fraction of enzymes with a diminished influence all have a significant number of reactions localized to the plastid. Again, this is a reasonable result considering all 12 samples were gathered from root tissue.
Next, we examined large subsystems (more than 10 reactions) to determine whether there were any reactions that differed in their expression percentile score consistently between species or nitrogen sources. We did not find any reactions that consistently exhibited a different expression percentile score based on the source of nitrogen. This result indicates that the primary metabolism of all four species responds variably across three nitrogen sources, and in an inconsistent manner. We found three subsystems containing reactions that consistently exhibited a high expression percentile score across all three nitrogen sources for individual species (Table 4 ). This included: (i) four reactions for G. max within the 'Isoprenoid biosynthesis, nonmevalonate branch ' and 'Riboflavin, FMN and FAD biosynthesis' subsystems; (ii) one reaction for Arabidopsis, two reactions for P. trichocarpa, and two reactions for M. truncatula within the 'Branched- Figure 4 . The PlantSEED website. Users can log into the PlantSEED website and browse the genome annotations and metabolic reconstructions for 39 species. The website allows users to upload their own set of newly derived transcript sequences for any species, and the sequences will automatically be annotated with the set of signature k-mers and, in turn, a new metabolic reconstruction will be formed for the species in question. Users can integrate transcript abundance or gene expression data, simulate flux balance analysis and download their results for further analysis. All user data are private and will not be shared with other users. [Colour figure can be viewed at wileyonlinelibrary.com]. chain amino acid metabolism' subsystem; and (iii) two reactions for P. trichocarpa within the 'Phenylpropanoids general biosynthesis' subsystem. Overall this demonstrates the utility of PlantSEED metabolic reconstructions to facilitate the comparison of reaction expression profiles across multiple species and growth conditions.
DISCUSSION
Here we have described how the PlantSEED resource has been significantly expanded and improved with this new release. The annotations are generated and the metabolic reconstructions are built based on a highly conservative propagation approach. This approach minimizes the falsepositive annotations that often prevail in plant genomics resources, improving confidence in the annotations present in the genomes and their associated metabolic reconstructions. The metabolic reconstructions are highly consistent with respect to their reaction content and stoichiometry. This offers a significant advantage in avoiding the need for automated gapfilling approaches, which can often insert biologically irrelevant pathways. This also makes the simulation of different plant species and tissues easier to compare as their primary metabolic pathways will be structurally identical, but the flux activity of the pathways will differ based on the integrated data. Given the tremendously conserved nature of primary metabolism in plants, we expect that this approach will lead to more reliable reconstructions overall and enhance the accuracy of comparative analysis between integrated omic datasets sampled from different species, tissues and environmental conditions. The approach we took to propagate plant primary metabolism between different species was strictly from the 'perspective' of a single plant, Arabidopsis; a natural first step given how many primary metabolic enzymes had been characterized for this model organism. We believe our conservative approach has been justified using the integrated transcript abundance data for different species. However, not all of the primary metabolic functions that were curated as part of the PlantSEED project propagated to other species, even to fellow members of the Brassicaceae family, and it also follows that several enzymes in primary metabolism have been characterized for other species. A step forward for the PlantSEED project in improving the number and quality of predictions made for the set of primary metabolic enzymes in any species would rely on the integration and curation of enzymes that have been characterized for species other than Arabidopsis. It follows that, in doing so, we will adopt a new approach to clustering highly homologous proteins that is not dependent on Arabidopsis. This will reinforce the ability of researchers to integrate omics data and increase the reliability of the metabolic reconstructions.
An approach that will allow us to cluster protein homologs independently of any species will allow us to cluster protein homologs that are not universally conserved amongst flowering plants. This in turn will pave the way for our work in specialized metabolism, enabling us to divide large families of highly promiscuous enzymes such as the cytochrome P450s (Bernhardt, 2006) . The clustering of homologs within such families will be attributable to different pathways of specialized metabolism and different taxonomical groups of flowering plants. The inclusion of these clusters in the PlantSEED project would allow us to assign and activate different pathways of specialized metabolism in a modular manner and complement the integration of omics data taken under different environmental conditions. This latest version of PlantSEED also adds a valuable capacity to automatically annotate and reconstruct primary metabolism from user-uploaded sequence data. This capability is critical to the current community of plant scientists, as we are seeing a growing number of plant species with available transcript data but no available reference genome sequence. This pipeline will enable analysis and modeling of these species. The website can be used to simulate flux activity within the metabolic reconstructions, and we aim to add algorithms that allow for the integration of omics data to predict flux activity in the metabolic reconstructions and allow for a deeper analysis of plant metabolism (Machado and Herrgard, 2014) .
PlantSEED is an evolving project. We aim to add and amend subsystems, reactions and compartmentalization assignments. This includes ultimately expanding our primary model species beyond Arabidopsis to other wellstudied genomes. We also plan to expand our coverage of plant metabolism to include specialized metabolic pathways, and in doing so to adopt a more highly integrative approach that takes into consideration the homology of catalytic domains, the gene trees within plant protein families and the phlylogeny of species that are known to encode each specialized metabolic pathway. The k-mer approach is highly dependent on having a large number of curated enzymes, and would thus limit our ability to explore the diversity of specialized metabolism if used in isolation. All data underlying the PlantSEED will be maintained with regular transparent updates in a Git repository published at https://github.c om/ModelSEED/PlantSEED.
